The earthquake sequence for this study occurred off Cape Palliser at the southeastern tip of the North Island of New Zealand. Two main events occurred, on 1990 Oct 5 and 1990 Oct 6, both with local magnitude M/,5.3. They were accompanied by a large number of aftershocks. The sequence is remarkable in that it broke the region of low seismicity in the area between the Hikurangi Trough and the main faults in the Wellington region. This paper studies the seismicity during the period 1978-96. The ETAS model is applied to the data. The whole period can be divided into four stages: early background period, relatively quiescent period, mainshock and the aftershock sequence, and active period of post-aftershocks. In order to detect the quiescence, residual analysis from the ETAS model was applied to minimise the effect due to previous aftershock clusters. To explain all features in this sequence, a seismicity phase hypothesis is proposed.
INTRODUCTION
The Cape Palliser earthquake sequence was chosen for analysis because, in the Wellington area, it stands apart from the main active fault (the Wairarapa Fault) and occurred in the aseismic background. One main purpose of this study is to analyse the aftershocks for this sequence, particularly in relation to their fit with the Omori law. In seismological studies, the Omori law, proposed by Omori in 1894 (Utsu et al. 1995) , is one of the few basic empirical laws. This law describes the decay of aftershock activity with time. It and its modified forms have been used widely as a fundamental tool for studying aftershocks (Utsu et al. 1995) .
A second main task is to study the seismicity patterns in the region before and after the sequence. For this purpose, in addition to graphical display, we make extensive use of Ogata's ETAS model (Ogata 1983 (Ogata , 1988 (Ogata , 1989 (Ogata , 1992 . In its various forms, the ETAS (epidemic type aftershock G98004 Received 17 December 1998; accepted 27 January 2000 sequence) model seems to be the best available representation of the main features of seismicity. It is a stochastic version of the modified Omori law. Based on the theory of branching processes or self-exciting point processes, it has only six independent parameters, and can be used to describe both background activity and multistage aftershocks. Before the results from fitting the model to the data are discussed, a brief presentation of the ETAS model and its technical points is given.
The tectonic structure in the region studied and the data used are described in the section following. Then the main features of the sequences are described, and the ETAS model and its use in detecting seismic quiescence are explained. The main results, discussion, and concluding remarks follow.
SEISMICITY AND DATA
Tectonic structure Seismicity in New Zealand is dominated by the plate boundary. This boundary runs down from the TongaKermadec trench to the northeast of New Zealand, continues down the east coast of the North Island as the Hikurangi Trough, passes under the branch faulting systems of the Cook Strait-Marlborough Sounds region, and continues down the west coast of the South Island as the Alpine Fault. To the southwest of New Zealand it takes the form of the Puysegur Trench. Seismic activity is at its greatest to the northeast of the North Island. The Hikurangi Trough forms part of a westward-dipping subduction zone, the seismicity following the boundaries of the subducting plate down to depths of 300-400 km. The seismicity also spreads out in a shallow belt (0-80 km) below the northeast-trending mountain ranges of the North Island and the Taupo Volcanic Zone behind them. The subduction zone continues below Cook Strait, but appears to come to an end, or at least the deeper earthquakes peter out, somewhere south of the Marlborough Sounds. The northern part of the South Island, including the West Coast, has been among the most seismically active regions of New Zealand during this century; by contrast, the Alpine Fault itself, the major (transcurrent) fault accommodating plate motion in the South Island, has been seismically quiet. Seismic activity picks up rapidly in the Fiordland region and to the southwest of the South Island, and marks the beginning of a further, but eastward-dipping, subduction zone, with earthquakes recorded to depths of <200 km.
The Cape Palliser region is located on the southeastern tip of the North Island near the front of the Australian plate. The plate convergence here is accommodated by the northwest subduction of the Pacific plate and deformation of the overlying Australian plate. To the east lies Hikurangi Trough, which trends northeast and defines the leading edge of the subduction zone. To the west is the major strike-slip Wairarapa Fault, which extends northeast and approximately parallel to the trough. Most of the earthquakes within 15 km deep in the Wellington region lie close to and between the Wairarapa and Wellington Faults. The area between the Wellington Fault and Kapiti Island is relatively aseismic. Luo (1992) studied the subduction structure of this region using geophysical inversion of seismic waves from nine aftershock events. His results show that the convergence part is c. 14 km deep, and that a layer of low velocity lies on the upper boundary of the subducting plate.
Data
The data used for analysis are from the Wellington catalogue recorded by the Institute of Geological & Nuclear Sciences. For 1978-86 the events are based on readings from film records, with a distance cut-off of 12 s S-P time (i.e., a half sphere of radius c. 108 km). For 1978-82 all beatable events are included. For 1983-86 a rough magnitude criterion was applied, so events of magnitude M L < 2.3 were never analysed. For all the rest of the period, 2.0 can be used as the magnitude threshold to study the seismicity. For 1987-96 the events are from the CUSP analysis (see Maunder 1999) . All locatable events with epicentres within the box defined by latitudes 40.5-42.2° and longitudes 173.6-176.0° are included, irrespective of depth. The magnitudes of the film events have been adjusted to conform with the CUSP magnitudes.
A cylinder centred at 41.686°S, 175.508°E with a radius of 36 km and a depth of 40 km was chosen as the study area. The main reason for choosing such a region was to include full information on the sequence. If the radius or the height of the cylinder is changed by 2 or 4 km, the total number of events does not change much (<60 in nearly 1500 events). Another reason concerns the location error for depth. Because the sequence is not far away from the network (the nearest station is <20 km away), the location error should be <5 km.
1437 events {Mi > 1.0) were recorded in the study area from 1 Jan 1978 to 31 May 1996. To ensure completeness of the catalogue, studies are mainly based on the 996 events with M L > 2.0. While the ETAS model is being fitted to the data from the period 1983-86 to check the existence of quiescence, a higher magnitude threshold of 2.3 is used.
MAIN FEATURES OF THE CAPE PALLISER EARTHQUAKE SEQUENCE
The two events in the Cape Palliser earthquake sequence both had magnitude 5.3 and occurred on 1990 Oct 5 d 23 h 48 m and 1990 Oct 6 d 2 h 4 l m . After the first of the above two shocks, more than 1000 events were recorded by the local monitoring network.
Outline
From the magnitude-time plot (Fig. 1) , a first impression can be got that, apart from the sequence itself, the patterns for the seismicity in the study area can be divided into three stages: average, quiet, active. From the depth histogram (Fig. ID) , most of the events are at a depth of 10-30 km, especially 10-24 km. To ensure completeness of the catalogue, magnitudes corresponding to the straight part of the curve in the magnitude-time plots in Fig. 1 (i.e., with Mi > 2.0) were used for the basic study. Figure 2 shows the epicentre distribution. The whole time interval was divided into four periods, shown in Fig. 3 1900.12.2-1996.5.31 (P 4 ): 417 events with M L > 2.0. Post-aftershock period. Even at the end of this period, the rate is still much higher than in the first period.
Epicentre distribution in time and space
In the first period, the seismicity patterns can be described as "little clusters against a low activity background". The activity is mainly concentrated to the northwest of the epicentre of the two M L 5.3 events. In the second period, the occurrence rate of events with M L > 2.3 decreases, some events occur to the southeast of the future large events, and possibly a gap forms, even if not clearly. The direct aftershock sequence occurs in the third period and forms two groups in space. The two mainshocks are in the eastern group. For the last period, the pattern is even more clustered than in the first period. The main activity is not at the site of the main sequence but forms a northwestsoutheast-trending belt, somewhat to the west of the main events. The general activity level is much higher than in either of the two first periods.
Cross-sections
Depth cross-sections for different periods are shown in Fig. 4 and 5. The magnitude threshold for drawing cross-sections is M L > 2.0. The section plane is vertical and is perpendicular to the converging line of the Australian plate and the Pacific plate. Its intersection with the Earth's surface has an azimuth of 135°. According to Luo (1992) , the interface between the Australian plate and Pacific plate is c. 13 km deep. The two main clusters and the clusters that occurred in the early period (Fig. 4) are all beneath this depth.
In the first period, the earthquakes occur mainly to the west of the future earthquake. The earthquakes mainly occur on one side of the Australian plate, and two little clusters occur near the interface.
The second period is different from the previous period. The earthquakes cross the section line and appear on the other side. A gap is formed at the area for future aftershocks.
The earthquakes in the direct aftershock sequence form two clusters. One is in the upper boundary of the subducting plate, the other on the lower boundary. Not many earthquakes occur in the inner plate near the mid-line. This can be explained by geodynamics: bending a thin plate causes extension in the outer arc of the plate, while the underside of the plate is in compression. The extension zone is separated from the compressive zone by a neutral surface. The bending is caused by the subduction of the Pacific plate under the Australian plate. The events in this period occur in explosive clusters, and can be divided into three classes according to their locations (Fig. 4): (1) background shallow events with depth < 13 km; (2) events in the cluster on the upper boundary; and (3) events in the cluster on the lower boundary.
In the final period, the events are located somewhat to the north and west of the site of the main sequence and remain highly clustered. From the figures, the thickness of the Pacific plate at this region is c. 14 km. This agrees with the results obtained by Luo (1992) and Reyners et al. (1997) .
Doughnut pattern-spatial-temporal distribution
To discuss the changing seismicity patterns with time, a spatial-temporal plot was drawn (Fig. 6 ). The horizontal axis means time of events, the vertical axis represents the hypocentral distance to the first mainshock. For the distances within 20 km, a linear scale is used, while a cubic scale is used for distances >20 km. The cut-off magnitude is Mi = 2.0. One must be careful when looking at this figure, for the catalogue is not complete during the period 1983-86, as mentioned above.
Before 1990, events are concentrated near the boundary of a circle of radius 15-20 km, centred on the future epicentres. A few events come into this circle during 1982-84, but this may be caused by location error. 
MODELS AND METHODS OF ANALYSIS

Intensity functions
Both models considered in this analysis belong to the class of point process models with time-varying intensity. In the analysis of the direct aftershock sequences, we shall use a non-stationary Poisson process with rate proportional to the usual Omori law form. In the analysis of the periods preceding and following the main aftershock sequence, we shall use versions of Ogata's ETAS model to study the rates of occurrence and levels of clustering in the background activity.
The intensity associated with the simple Omori law will be taken in the form (Utsu 1961) = 6g(t),
Zhuang-Statistical modelling of seismicity 175.4
175.8E where g(t) is an Omori-type decay function in time, where t\ and ti are the occurrence times of the two main normalised so that jg(t)dt = 1, namely events and and 9, c, p are parameters to be determined. Because the and Cape Palliser sequence is a typical sequence with double , N main events, a double Omori law will also be applied, i.e., i,\ __ Pi~^\ \ + J_ The ETAS (epidemic type aftershock sequence) model was developed from the modified Omori law, based on the assumptions set out below: (1) The background rate of events within the study region is a constant n; that is, the background events occur according to a stationary Poisson process with a constant rate fi. (2) All events, including aftershocks themselves, produce their own offspring, and each of their offspring produces secondary offspring independently. The total number of direct offspring from an ancestor of size M follows a Poisson distribution with mean A{M). Later we shall give A{M) the explicit form where MQ is the threshold magnitude and K and a are parameters to be determined. (3) The offspring from an ancestor of size M occur in time according to a Poisson process with rate A(Af)g(t-t 0 ) where g(t) is the Onion-type decay function in Equation (2) and to denotes the occurrence time of the ancestor. (4) The magnitude distribution is independent of the occurrence rate. Later we shall use the explicit form of the Gutenberg-Richter relation as the probability density function of magnitudes with where j3 is linked to b by p = 230b.
In summary, the ETAS model has a conditional intensity function of the form (4) with parameters /I, K, a, c and p. An important parameter for understanding the behaviour of the process is the expected number of direct offspring per ancestor, averaged over the magnitude distribution
When A(M) and J{M) are given the explicit forms referred to above, This p plays the role of the criticality parameter for the branching process interpretation of the ETAS model: if p < 1, the process is stable (subcritical); if p > 1, it is unstable and will grow indefinitely in time, p can also be interpreted as the proportion of all events which are aftershocks: if m is the overall mean rate of events, it can easily be seen that the rate of background events is (l-p)m = (l, so that the rate of offspring events (i.e., aftershocks) is m-[i =p/n.The above form for the conditional intensity function of the ETAS model is slightly different in parameterisation from the original form suggested by Ogata (1989 Ogata ( , 1992 . The original form is
where Zhuang-Statistical modelling of seismicity Among the parameters of the ETAS model, a and/? are particularly useful for characterising the temporal patterns of seismicity. The p value indicates the decay rate of aftershocks and the a value measures the efficiency of the magnitude of an earthquake in generating its offspring (Ogata 1989 (Ogata , 1992 . From the discussion above, we can see that the derived parameter p, proportional to K, also plays an important role in determining cluster structure of the earthquakes.
Likelihoods and AIC procedures
Determination of the coefficients is carried out by the method of maximum likelihood. The full likelihood is the likelihood for the set of pairs (?,-, M,) where t t is the occurrence time and Mi is the magnitude of the ;-th event. Because of the assumed independence between time and magnitude, this likelihood reduces to the product of two components-a likelihood for time and a likelihood for magnitude, that is, after taking logarithms, becomes the usual likelihood for estimating /}. More than one model is applied to the aftershock sequence of the Cape Palliser earthquake: the simple Omori law, the double Omori law, and the ETAS model. Moreover, two alternative forms for the double Omori law are considered: the model with equal decay rates (p\ = p2 in Equation (3)) and the model with different decay rates (p\ *
Pi)-
To find which model fits the data best, the AIC (Akaike Information Criterion) model selection procedure is used (Akaike 1977) . With this procedure, models with different forms and parameters are compared by computing for each the statistic AIC =-2logL +2k,
where L is the likelihood and k is the total number of fitted parameters, for the particular model being assessed. The model with smallest AIC is considered to be the best fit to the data. Numerical examples of the use of this procedure are given in the IASPEI software (Lee 1995; Ma & VereJones 1997) or SSLIB (Harte 1998 ).
The change-point problem
The change-point problem considers whether the occurrence patterns of events changes before and after a time TQ. An extension of the AIC procedure can be used to determine whether the temporal patterns of seismicity changed before and after a time point TQ in a given time interval [0, 7] . If the combination of different models applied to both periods If a change point can be set, based on information from outside the data, AICQ is compared with the following
Otherwise, the change point is set from the data, that is, the proposed point is obtained by running TQ through the time interval and finding a position that gives the minimum sum of AIC\ aaAAIC2-In this case, we have to be more careful, for the same information from the data will be used twice if AICQ is compared with AfC^ in Equation (9). Instead, Ogata (1992) showed that^47Co should be compared with
where the quantity q(n) is the contribution of TQ as an adjustment parameter and is dependent on the total number of events, n, in the interval [0, 7] as shown in Fig. 7 . AIC\2 < AICQ indicates a significant distinction between the seismicity patterns in the two time spans.
Relative quiescence and the residual point process
An important problem is to check if there is a quiescent period before a large earthquake. Quiescence is a commonly accepted precursory phenomenon before major earthquakes. Mogi (1968) showed that before several large earthquakes (1944 Tonankai earthquake, 1946 Nankaido earthquake) the focal region became calm. Ma et al. (1990) discussed the quiescent seismicity pattern before major earthquakes in China. But naive quiescence may be caused by two reasons: one is stopping of a previous aftershock sequence, and the other is real quiescence. To reduce the effect of previous clusters, the usual method is to decluster the catalogue. The key problem for the above method is that there is no general rule to decluster the catalogue from regions with various seismicity properties. AIC procedures can be use to detect whether occurrence patterns change with time. But even if a change is detected, more is needed to determine whether such changes represent quiescence or not. Here, the method of relative quiescence, introduced by Ogata (1992) , is used. This method uses his so-called "residual analysis" for point processes. This method depends on the fact that a point process in time with variable rate function X(t) can be transformed into a stationary Poisson process by making use of the time transformation
: = A(t)=j X(u)du
(11) (Daley & Vere-Jones 1988) . The sequence {T,}={A(?,)} is called the transformed time sequence. It is known that the standard stationary Poisson process results if the conditional intensity corresponds to the true model. Since we do not know the true model, nor its parameter values, we use the maximum likelihood estimate for the parameter values of the assumed conditional intensity model in (11). Then, the transformed data of the occurrence times using (11) is called the "residual point process (RPP)".
If the ETAS model provides a good fit to the seismicity, then RPP is well approximated by the standard stationary Poisson process. For a good fit to the standard process, the curve of the cumulative numbers should be close to a straight line with a unit slope in the plot of the cumulative frequency versus the transformed time. If, on the contrary, there is a significant deviation from the unit rate Poisson process in any characteristic property of the residual point process, this suggests some discrepancy between the model and the data, such as inhomogeneity of the data or the existence of seismicity change, which is not captured by the estimated ETAS model, no matter how high or low the original seismicity.
The above discussion suggests a method to detect relative quiescence. First of all, by inspection of the cumulative number curve of either the ordinary data or the corresponding RPP for the whole time interval [0, S], we hypothesise a change-point TQ where the onset time of the relative quiescence is defined. This point is clear in some cases, as described in Wyss & Habermann (1988) . We then calculate the maximum log-likelihoods to confirm whether AlC\i < AICQ or not, where AIC 12 is calculated with Equation (9) or Equation (10) according to how the hypothesised changepoint is set. If the above inequality holds, we calculate the residual point process with the parameters for the time interval [0, TQ] but apply it to the whole time interval [0, T\; then we plot the cumulative curve versus transformed time. If there exists quiescence before the mainshock, the rate drops in the quiescent period, and the cumulative curve falls below its expected straight-line form. As this quiescence is in the residual point process, and may not be visible in the original seismicity, it is called relative quiescence. To detect relative quiescence, the catalogue need not be declustered, for the features of clustering are already modelled in the ETAS model.
APPLICATION OF THE OMORI LAW AND ETAS MODELS TO THE CAPE PALLISER EARTHQUAKE SEQUENCE
Studies on the direct aftershocks
To study the properties of the direct aftershock sequence, a comparison was made between fitting the Omori law and the ETAS model to events with M L > 2.0. Here, the simple Omori law (see Equation (1)) is first considered. As there are two mainshocks in this sequence, two more complicated forms of the Omori law-the double Omori law in Equation Fig. 8 Comparison between the fitted results for the direct aftershock period (P3) with several statistical models. "Double Omori Lawl" means the model of the double Omori law with the same decay rate for aftershocks from the two mainshocks, and "Double Omori Law2" means with different decay rates.
Time
(3)-are also applied to the data. The difference between these two forms is that in one the decay rates (p values) for the frequency of aftershocks of the two main events are different (p\ ^ pi), while in the other they are equal (p\ = Pi)-The numerical results are shown in Table 1 and Fig. 8 , where ETAS models and several versions of the Omori law were applied to the data. All the models are fitted to the data over time intervals of 30,50, and 90 days. From Table 1 , we can see that the ETAS model gives the minimum value of AIC and fits the data better than any of the other models used. Figure 8 shows that the sequence consists of multiple aftershock sequences, which are apparent even in the patterns for the first 3 days after the first mainshock.
The better fit of the ETAS model is not because it has more parameters, for the form of the double Omori law with different decay rates has one more parameter than it. One reason why the ETAS model fitted the data best is that all models from the Omori law are fixed in form from the beginning of the mainshock, whereas the ETAS model changes its conditional intensity as events occur. Thus, the ETAS model is more flexible and so gives a better fit to the data.
The comparison between fitting the data with the simple Omori law and the ETAS model shows that the Cape Palliser earthquake sequence contains many secondary aftershocks. From the viewpoint that an aftershock is a readjustment of the stress field after a large earthquake, every earthquake can change the stress field in its neighbourhood and so creates the need for further readjustment.
Detection of precursory relative quiescence before the mainshocks From the studies in the earlier sections, we can see apparent changes during the period of preparation of the mainshocks, such as the doughnut pattern, or the motion of the most active zone. To confirm this impression, we use the procedures for detecting relative quiescence described in the previous section. To be sure that the pattern is not due to the missing small events in the catalogue during the period 1983-86, we use a higher magnitude threshold, 2.3, which is thought to be reliable (R. Robinson pers. comm.). From inspection of the data in Fig. 1 , the proposed change-point was taken as 1982.10.31, corresponding to the divisions into the time intervals P\ and Pi described earlier.
Since this change-point was neither fixed entirely by considerations from outside the data, nor chosen by selecting the optimal AIC, Equation (10) was used as a conservative choice to assess the AIC value of the joint model.
Using this change-point, the ETAS model was fitted to the data in P\ and P 2 separately, then to the data in P\ and Pi combined into a single period. It is found thaXAIC{P\) + AIC(P 2 ) < AIC(P\i) + 2q(N). The parameters from the model fitted to P\ were then used to calculate the transformed time sequence over the whole time interval of P\ and Pi. The cumulative curve for the residual point process is displayed in Fig. 9 , which shows a readily distinguishable drop of the rate. The dashed curves represent 99% confidence bands. It can therefore be concluded that the balance of evidence suggests the existence of a relative quiescence period before the two Mi 5.3 earthquakes.
Existence of distinct seismic phases
We now examine different combinations of models and time periods to determine which combinations best fit the data. Using the division into time intervals P1-P4, we fit ETAS models for the whole time interval, the four periods separately, and some intermediate combinations. To provide a reference for the improvements made by the ETAS models, the Poisson model is fitted at the same time, as shown in Tables 2 and 3 . The comparison between the AICs is shown in Table 4 . These results and the results outlined before suggest that even a small region can exist in several different phases of activation, with different clustering characteristics, as well as different levels of activity, at different times. From Fig. 5 , it appears that the changes in model parameters may be related to the migration of hypocentre locations to different parts of the plate boundaries in different periods.
The above ideas can be outlined as a four-stage seismic phase hypothesis (Fig. 10) .
(i) In the first stage, the stress is under the critical level and is being built up. The seismic activity is low in this period. We call this period the interseismic stage.
(11) Next comes the preseismic stage. This is a quiescent period (perhaps because of dilatancy) with few foreshocks and small clusters. The activity is lower than in the interseismic period.
(iii) The main earthquakes come after the preseismic period and only when the stress levels reach or exceed the critical level. They always are accompanied by large clusters or aftershock sequences. This is called the coseismic stage.
(iv) After most of the accumulated stress is released, the stress field comes into an adjustment period. Seismic activity is still at a high level. Many earthquakes occur in larger clusters, but these clusters are smaller in size and event magnitudes than in the coseismic period. We can call this period the post-seismic period.
After the adjustment has been finished, another interseismic period begins.
According to the results obtained, it is reasonable to draw the conclusion that the four subperiods P\, P 2 , P$, and P4 correspond to the four phases in a seismic cycle. 
CONCLUSIONS
Before the Cape Palliser sequence, not many earthquakes occurred between the Hikurangi Trough and the Wairarapa faults. These few earthquakes were mainly concentrated around the main faults. During the aftershock period, however, the earthquakes were concentrated on both boundaries of the subducting plate. They formed three subclusters, located near the upper and lower boundaries of the subducting Pacific plate, which is c. 20 km thick, and in the converging part of the Australian plate. The depth crosssection analysis shows how the activity changed from one part of the plate boundary to another. Several statistical models were fitted to the data. Among them, the ETAS model fits the direct aftershocks better than the Omori law, which suggests that the aftershock sequence consists of multistage clusters.
The ETAS model also shows the existence of a quiescent period before the two major earthquakes. It shows that there is a quite clear change of seismicity patterns before and after the immediate aftershock sequence, not only in the mean rate, but also in cluster structure. Individually, these changes may not be caused by random fluctuation due to the small numbers of events in some of the investigated regions, for overall they are beyond the noise level. The change of seismicity patterns suggests changes to the stress field or the mechanical properties of the plate following the two magnitude 5.3 events.
The seismicity phase hypothesis seems to be able to interpret all the changes in the seismicity patterns before, during, and after the Cape Palliser earthquakes in October 1990. Further studies need to be done to test this hypothesis.
Cape Palliser is the turning point of the subduction zone. The two main events were only of magnitudes 5.3, but they produced a large number of aftershocks and influence the seismic patterns in the region. These aspects are much like the behaviour of large mainshocks. It is worth asking whether the occurrence of two events with such strange features, in this particular region, could be a signal that the seismicity would change in the nearby regions.
